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Implicit Incompressible flow solver on Unstructured Hybrid grids

J. Kim, Y.M. Kim, and J.S. Maeng

The three-dimensional incompressible Navier-Stokes equations have been solved by a node-centered

finite volume method with unstructured hybrid grids. The pressure-velocity coupling is handled by the

artificial compressibility algorithm and convective fluxes are obtained by Roe's flux difference splitting

scheme with linear reconstruction of the solutions. Euler implicit method with Jacobi matrix solver is

used for the time-integration. The viscous terms are discretised in a manner to handle any kind of grids

such as tetrahedra, prisms, pyramids, hexahedra, or mixed-element grid. Inviscid bump flow is solved to

check the accuracy of high order convective flux discretisation. And viscous flows around a circular

cylinder and a sphere are studied to show the efficiency and accuracy of the solver.

Key words: W12 82 ¥ Implicit FVM), 8138 339 &% 2 xH(Unstructured 3-D Hybrid
Grid), 95 & %(Circular Cylinder Flow), o+ & 5(Sphere Flow)

1. ME

AP AR vt AR AFErt ¥
R golg HAZARE I 2ol FAol
3 BA F99 0@ A e e #
48 =72 AEHD o a2y "WAY #E
o) BAAZE A& sy AMAE Hl
FAZ FYIL 2 AR MAle] AFHo|H
Gd AAEAY FFHEA AL ARRe
HAREZ A& ¥ njeded. A
A AEARE o] &8 HAFE AN A7t

! 339 ETRI, PostDoc.
2 A8, Fdd 745

Ha e, FHu2 2 Al
oA ATezH dIgHo ZA
z

Az we
ARA Az ARE TARE WEH, ¥
SAANE ZeZe Ae YT 199 G
G4t AEAY gAY 4L A4HE E
gAY, 190 49 RIANE 3IAAE

At yrzx 49

st % Selv A WA
S Ao AMgezA Mz

2 4 Aok 28y AdA Fals AAE 9
12v2] AZAzt 5~6uie] A, 7ue] mAE
A7) wWiEel A £ U A, 399
Wy mMaE YAsle SHA Ao vl 7|
AFirel Rdg AA F7MAZ Barth[2]E
Fnp7r & AtEAdAM AAHE Ao v



18 A - 445 - AFA R ALRA T3 A

b Ae WYSHW FWLW el mAY=
dste] wriet Aol A H2AX D R Y
zol @we F#ALAL BAYL B o
4 FAWOR ol MBE AR nhakA
Muol A AAAA EASE 4d4We UF B
dzo) 2 £A00T LAY, FYBY2
o Aol golHE HE Wy BAAAA WE
o se] $@4o] )% FeFsieh Michal5{3)e
uE gRAA mssh wHEARY Hgs
#EAN 2=g F¥ FA/MAY YA
A 7ge )

gtttk Y xe tEE u
% BAASE E&HoE ALE
o, HH A "ol RolAME AtHAe v AHE
AzE oj&dtd HAHAAL KFELE HHse= A
/818 99 EE Y (zonal method)d AL38}
4t 183 Soetrisno% (4] HE/MmAHE &
FAAVIHe a&AdH FEAHES 49 v o
o aEu o] WY fFEHA BHAAE A
A Azpe] vlEf A4EATEe] E&Helg T
Aot HAA FRAAE YA sokst=
HEol len, 242 HHZ=r) e A3
vt 7} 3. Nakahashi[5], Kallinderis[6]
AREA, LHA(ZYE, JerE)E AF
fFEefMEte ZIHe AEEAn. #H
& HAEFoEN FH4 7}
o] A2 gle 48 AAstFer
FA AHEAE ATz A
]?3.‘1]' Karman[7]& 2 m 2 #}9]
7] Y3l HEIA ZHE5 L
A/ EF EFHAE o] L3
o, Coirier{8], Strang[9] & AR, WA,
SAAY EFHAANA AFNNHE ol &3l
48715 S |t vAE EFAAE A}
© S AEA 731}‘3}% AbgEteE A5
Eg A 2Adg, de & dE% 29 F 99
AZA LR F719 4 é?‘;‘ﬂ]’ﬂ Hi} &3 o]
I ZFL Yoyt 2 AHEA 2 gE
del Maejge] glemg o F¥sA &
g Adg & dd. 2 dFdMe AR5
Ao % ZJXJ—% 23 Qe TFAAE o839
g MY JIg e Agsta 4

A9 fEe Aaaa,

o

e

=

4 ox o off o 2
2
rir
It

oié'-,ﬂ'ﬂ%ilﬂoh‘.oi:rloé
E:
o
I
st
ux,

21 2

=
18
rlo

oX Mo oX

fr de to of
k=
o

Aoy

0
-

2. XYL XY

2.1 X|ujabxA|
Chorin[10]°] Aj¢tgk =¥o] oigt wv]<}

o 2 e
tio my oXx

817] 9ol Aol
LR

© ATEHA Y miRm ol

Feiel =2 4 (DS 48
Fei7b o A (D€ &%5%F #A
sl o3 22 xTE Ay

tlo _IZ re

&.|Q_

- [@dv+ § Fads= ¢ F,ads ()

Blui + u}+g;iz) i

7= u(uf+v}+w£z)+m‘
o(ui + vl + w€)+l)z
wu? + v+ wk)+ pk

)
i
® e R

rx,?+ txy;+ z'leg
rxy?+ Tyl + ryzE

a2 ) o~
Tl + 0,0+ 1.k

ME A g o ste] wAY S

T = 2VUy, Ty =2V0,, Tp=2VW,
Ty = Ty = V(u_v+vx)y Tye = Tz = V(u2+ wx)

Ty = 1= v(v,+ w,)

2 ()9 Z& Hej9 Navier-Stokes WA 4 &
Haay HAA EAHL ZAH dgd ¢
ARE Y daygEFe ol4¥ F gt °l74
& 53 S Feled Jdo] dTAEH o
nejFe & FHolg & 5 Uk —r%‘ﬁﬂ% o
7198 olatstE AL AHAYT e A
o3 HMEALAG. ARESE B3 gue
o 92 HFEA A BE uEAAY )



B4 I FAeA

$3 F2me, 1999. 3

WA WY g ol ¢ vihRy #EHY 19

wMEs A4g sl

2.2 XY
ogsqsa A A,

gl =

, HeEbrl= A A

olFelrl ARANN AxHE FHaL
C 4% I8t A9 29, 94 24, 2
gle] T L Hdz ofo] 744*“—1" A A
ek o)A S Wl M(median cel)ojgtn ¥
m 8 A7) e

ki

FEAHE L 2 718 Q4o|th

Fig. 1 Median dual control volume and edge
direction vector on a hybrid mesh

AR FA4dE AR AR

& 33 2HUnstructured
hybrid grid)elM % A &0 7p53ich A apdA
Aol HAEYEE ogT Be oliddHer H
#He & gdoed A3)E ZHzhe] AAAHe

l LA —-»_—* . o
GQV)+ [F-F)-Si=0 3

2l (3)e] &A= 2Agd s} ARF ol
AFHE ol %3 Yoo AAHEE JeEE §
v A W(control face)o] WA HE o}t fF3
& MUSCLE S )43 23 A8 %9 Roe ¢
22 olitglain, AL Yoo MMz o]
287t JbEd wyer FSAETT Azl
&l A Euler S31H& ol 43l EF HEY~
(Block matrix)@ o] ofixhd 4 ] A =,
o] A& Jacobi¥ & )& sHE Tt

2.2.1 HIFHY 32 A

Roel| F3 A

F 2Y2r el wAgYd A3 AF
o) e sEAEHe YFAY FHA AR
YL ol g8 73
Fi=120FQ) + F(Q)—1A1(Q,—Q»} (5)
e 4 We) A% egZe 4 4
E]— = 'vgr ‘_ta_)r—_ 11:} IAI—— H]ZJH _1524/\&_;351

HE @

& ol&3te thSF Pol 7

Al = [Rl [1A1] (L] )

EE
P

g JAa gl
542 A¥olth Roeel HEFH U A&
TE olgstel T A W Al WE Ge

Z5EH IAI% 74]’2.‘1‘}13}. Rogers[12]t} Taylor
FEaHos 2 A7
= Rogers«] A& o] &3t} o] A=H|¢-E
A Aol A5 TR ol Wel P
= 209 HA JHEE dazdg Fx2E
Ao e 7)€ HEHE AL M @
HEl S Mo & F o BiHE ARG E 1
H owakgel EAsA @on, 2dld Gram-
Schmidt #H[14]& ol 83t dde] HAwg
498 4 gt

il

AXFHzo OF A A
79 #ozM F9$9 AAHY g F
o) HA}L o) LAYH 13 FUEY £X



20 AEy - LT - WA

AR A F 62 A

EH2E F8 3ol Fclh Barth(15]7F #|¢Hd
oz 7p AdoA ¥y MEWEE sHAs
3 Ao WeETFuE Fevtd ux4 g
= A BH2E ALY F ok A FAC X,
NEeg BAY @& ugII #Zo

Taylor series® o] &3}H:
Xx,9) = Axo, )+ VQ, - dr (N
Az e FHlE FIe W

-

H
Green-Gauss A& o]l&3= U4y, Hax
H (least-square method)& ©|-&3&= WY ol

30
=
g
2
-4
2
>
fir
B
o8
2L
ofy
o%
(g
o
>
oo

TFRAANANE I oz {FIAXEYE o &
st A dAofA #i2) Fulg 44 ¥ F %
oo gyleg A Hwe FHoZ N2 A
A HE P43 5 Green-Gauss Ao 93
sfe] FulE dojuirlx St Yubd oz A
o] Ao e A "HolA e FuE FIe
Rol wredtAl o B AAARE FQ
23ch g e A AolA sle pFuE T
e e 1o gFEY2g AN 9
& T3 Ao Ful(d o o) T Az
el A e AEH TS ALsE FE
7b Ed WP e oy FAMEL S AE
EoxE & W FAEIAY Aol gle
v Ao Avizt fAEt D Ry el e A
Azbell A AxHe 2@ grid decoupling)
[16]le2 <3t si7t E<dAsXch Barth[17]
£ AHEAR olFo)R v ZBAANA Galerkin
FEaLe] AxHE FHoZIE FEAH
W XS Bolm FTALYPZ ol f3ly
HEEH2E T3t BY e AXEAh o W
[ ALY FHAAM A&HoY I 1y
ABAAAME A8 4 gith Nakahashil5)
£ EAE(node-centered 7IHolAE F Az e

FAel A He] FAHoZ ALgEHTH)A o1 B
HelE THehe 2ase) o AF AE 9
w3t A

vVQr = 7}31; 2 vQ.Vol, (9)

Az Ex EAMd(edge)E, ex= R A(element)E
vebdch vl&d Wi o g Kallinderis[6l: &
M & Ffdle A2 HAAFHE BB 2A
g FAANA9 Y THE AU AL o #
HEL cell-to-node, cell-to-edge 9 #2713
Q) AAAZAEE o230

714 e FaE 2AE B HE
H AR e AHEEE Unx HJEL

AR B geoz Aach

41 o
BN

Fig. 2 Splitting of the gradient on the control
face

vQ = (VQ-$)s+[vQ—(vQ: s)s]
= (VQ-5)s+[vQ—(VQ-5)s] (10)

828 5 (75— (vo- 54

714 st 2ZAME $3e a9 HEolu, &se
a2 Zolg UEHL vQE (vQ, + v@,)/20]t},
o] 4& FAHAEH2AA MG & FED F8
q3E 2ZAME wgoz AY AEFozM FAY
el FEX(positivity) & UFAFIT AxH 9
%2 & 4 grid decoupling)& wWAAZ 4 Ut
A Aol de] FulE 7317 At v
5 o]y Mg & FuiE Hddde @
H(method 12 & (10)& ol43ye d



HIAE E3 FAdA

MBI A2, 1999. 3

WA Y ol &8 HIFEA FEHY 21

(method 2) &iet € S4d& 9judy| HYsto
2219 A= WAgAg Mg

ocoL - pvir a1

2l (11)2 Euler 3 # point-JacobiE ©) &
gto] At on Asdde 1x19 FA4HE
olx AAXAL 9% "do] T=10]1 219%
0°olt}. Fig. 39 (a)& AH&E ZAZ A9 e
A79 AxAYge o]Fojx il Method 1
< method 20} v|3te FEAo] wl¢ FHggs
B den FLARAgA B 5 e uke)
2ol method 1& 2|88 A% sls BL AZ
AYE £¥E1 0ot} method 2& obF AR
g slE UEESE & F Utk

Fig. 3 Comparison of two different methods
to calculate gradient on control face with heat
conduction equation (a) regular triangular
grid, (b) convergence rates, (c) temperature

contours with method 1, (d) with method 2

2.2.3 Azt HE

A 7kel thEhA = Euler S3H-g o] &3t o]
Atsh g},
4(Q,V)+R"Y = (12)
dt [ o o

R[()n*'ll — 2 F(ﬂ"'l)S (n+l) S,]

n+tl @AM 2] 2FQAE Taylor series®
olgsld uhgI gol AgFgAH + Ut

RI"YV = R”+( aQ "4Q (13)

A (12)0 (13)& HYstn ARFE 52
Al 8 F8g% 42 A=
(delta form)e] oj4tsl LA A& At

aRo ”n — n
aQ) )AQ - _Ra (14)

g &8le] zaH|ete 12 AP v

Roe #zulel @& 45 Agsel Ay
J oF ZHx =B ¢ke AT,

aF, _ 1

an - 2 (AI+ |A|)

ar, 1 .

2 )\é

2 J
h= _ hel
gxwg s 4 (109 FH F& T
al

S

SFx Suvud = 2,u(4Q 2;)74' (16)

o] Hxu, AZ HA EH2e zzH|erte 4
1614 808 AT A2 o) 747 ohzt 9
2| At

2.2.4 O|ARSHAl0| 1Y
W HA (149 FEe u$ 47

2 23 Z7te 22E 4X49) g2 o)F
Ao FzA A Bol HEHTL F7)ol%
H,

9 AHgolA &% TDMASH 22 #
AH&8 4 gl Frink[18] §&
Gauss-Siedel ¥ $& ol§3d HE T3
oo, 2t AzZF GAAM HEY2 ALE Al

F-'l



22 AW - AEE - B3

AR 3 A

HE 10-208 2] R wMEAAE SE
A (14)e] FH3a g
o] BEE 4 qloh

p

(D+ L+ U)4Q = RHS an
Jacobi & T Zo] WAWAT Wrlm
7 ppe $wWom yyhoms Az Az
Mg AASE Wl

DAQ, = RHS— (L + U)4Q; (18)
2 Aol 2zte) BAA 2 Ay F3

2 2
£ Azult AT, ATE TS T WPRAY
o4 ol gsglon] 0¥ WPHES FYsHa
.

3. 44 9 a&

n

3.1 88 550 U= AU &

10% F79 2] Ut Ad WFE v
HZAe FAV &7t &9 gHT 5
Aol AAYGe] FAHT &2 FHAA #
A7} 714 2 A& FEH o]EHoE {EFAAUA
= £dgle]l HESY, FXEHA vy At
LA 9dly FEHUS €L FHLE 4FH
7t A& o]F X v o AE o] &d Y
Fa HEe AYEE HHEY = Jo. Fig. 4
T AHEE AAE BddFEE ez wA 23
oA 4Z4AxE AAHF H 5 3
o2 HE3o LY FS AAsAY 23 A
ZrAzY & 220070019 Za|Fe & 22000
Aeltt, adzm ARES HARH9 $E 128957)

o 0

A ox

N
@ o

of

T
S SBOOTK

S
S 7
S SR DOGOEEL,

\Y2'eh NAAN 7av
B i s s i 0
SODAR RS
N AVAVL s TaTaV eV ot

S S

Fig. 4 Surface mesh of a channel with 10%
arc bump, npoin=12859, npri=22000

gtz oz A FHF S 4A 22+ e
2 AN FEEE #Ydte de =50

Eoo], FHEIUYT LEA4EW £5)9
ZE B AL A7|E #3HE 3l

Fig. 5 U-velocity contours for incompressible
inviscid flow through a channel with 10% arc
bump

Fig. 5olA B 4 & g} o]l n %71 &
L& AFE A9 yHHez EXHY YT 2
Zugto e W gle 22d &8 e
& 4 9dth Fig. 62 Ad H%0 dF v
e Y EAE BAFE Aoz Sy
E48& & F 3Ud. CFL #& =
Aol 188 10°%1A 744

&

&

&

log{ L2 norm)

1

Fig. 6 Convergence rates for incompressible
inviscid channel flow.

3.2 3X¥H AHAF F9o HMRS
A Aol 10]3 ZHol7t 290 YE F99 2
A

dolg= & 5ol et HAatgch dA 2



Bl TR A4

AW MR, 1999. 3 WA WY E ol &8 vtERA FEAY 23
abel ol st MAHN APZNEOR A of A SbI-off o)A UYHo] T ALy w
B AzE A4 | 459 Fwgez HFa g £EALS e

A [e)

T 1=} =
Ak 2l AW SE 913AlR, 4F W Aoz 1% gAN Ee] YFE F R

z o

For 1l AXde SnAcs REA

Ao 2en 439§ BelA 2 & 3y

= &:;::Q/z Ff‘

*

T

Fig. 9 Velocity vectors for incompressible

laminar flow a around circular cylinder at
z=1, Rep=40

5542 wE 002 = YIEAe FAY
dolE= 7t 408 A¢ F52 AAdHH Coutanceaus[19]2 95 FZdA Y4FE o
A7 Ao BYtE 4TS P Y; MW FSEE o) FAIUN FRY 59 waYol
of Hago] 9irh Fig. 82 z=19 4F9 F7+ 5 SHsd e o HAFAE 167
dHold FHYE ReFoh wudd S¢4d st AFAAADT £29 AFDIL o &d
A=k Haed glo] olojAd dx, 94F &7 o o7l s A (=d/D)E H3%c} Fig. 102
4gAs oY L AU ANANE HRY
Aoz, 239 AT 2=19) el A9 B
0.2E
I N :,, experiment
0.15F 7 calculated(2D)
[ calculated (3D, z=1}
o1f [}
E .
005}
-0.05
'0,1;-
R 015
e d 1 1 1 L
Fig. 8 Pressure contours for incompressible 02 0 1 ' 2 3
laminar flow around a circular cylinder at Fig. 10 Comparis}c\)xﬁa%)fcl 158?3:5“@ and experi-

z=1, Rep = 40 mental wake centerline velocities, Rep=40



24 HEd - 4R - 434 FFALHAF YA
ok dAste g B o don d¥gAse o HEST AASAY. Fig. 128 F ZHF 20 2
Zve] AolE Hojm glvh AP AE A7 0.07Y dHAg A o] AzE BoFETh

2 7Hel

el gez 2 e z PN njnyg 210
Apgated ALREE gk zbelrt gle REe BdF
t}. Coutanceau® & Aol w8 urejzde] ¥saleg
nFsn YF Holst EFJM(A=0)U HHo
digted BhejdelE 21322 A &P Lo, Fig
1087 AL v ©] 0% Ho] 21322 ¥A

g1 gt}

=

tog{ L2 norm}

$ 1 L : i P 3
50 to0 150 200 250 300 350 400 450
iter

Fig. 11 Convergence rates for incompressible
laminar flow around circular cylinder, Rep=40

Fig. 11914 45 f%Fo dig sdAds B
e AHgE CFL2 500010

3.3 3% 7 Foio HMREE

Taneda[20)s H48& 53d Helmzr 7t
200183l F FH9 FFAMe izt 2
A} ogrend 20004 400Akel9] #Holwm R FofA
Hddeel delzt BAsta 400013
Fol AFol wAstE AL Uk wAeEgH
FAHTE S #do]l B Ay 943 F&
TFEolgtm Y 4 glon of F F99 A
42 R Y A9 5% dg nEe g4
o} Aol #3 2L AZE ANHE F AT
Hojdt,
2 dF9A4E AU 2FE At
T F99 delyz 47t 50, 75, 1009 BstH
A HA FEE AN 94 gdg 7+ B
Holl 64167091 AAAAE AT H AL
S8 4009 ARPE Mt 250224749 =

Fig. 12 Prismatic grid around sphere, npoin=
128400, npri=250224

Fig. 13 Streamlines to show the recirculating
wake behind a sphere at Rep=100

124
1}

eX:] of

06k
L
04} Taneda
L [ Present
02§
) i A " n n 1 " A
o 36 05

Re
Fig. 14 Comparison of the variation of eddy
length



U)1AY & HAAA

A3M M2, 1999. 3

WAZ g g ol &8 YR REHY

25

FoEEA 2Rkl ey e (vortex ring)7h
A= F FuloM= Fig 130014 & & 3l
A AF oFo] yHd Faso] 214 g
FANM oz F§ FTH Zo|g Fig 14
of A} Taneda®] H¥xe vustgd. Fig. 11

SR

T Ee) fEd W] $YRAL weiFo,
HWE] A (300Mhz) PColA] 1778°] A8 Ut
FAANL A5 8HolEE AR AU CFLE
100°] ¢},

0~

-

2

3
‘E‘ -4
e 5
S
g

-8

-9

-10

1 )
50 100 150 200
iter

Fig. 15 Convergence rates for incompressible
laminar flow around a sphere, Rep=100

4. &

e EFEAAE AL HAFH KT
g it od, vEA Y A

X}T_ dF F9 2 F FH9 HEYRHE
3te AEgne FHALAE B ZYF
LAl Hegozy TPt 2EA 13
o] gl&e AAE AAE & don FHze 2A

g F£5 Fo A 2&E =Y F UAYH
Qo uH 2dg Sdgtezs o A Y
o FEAHE =Y F UL Aol

u_)‘l_l

28

[1] Pirzadeh, S., "Three-Dimensional Unstruc-
tured Viscous Grids by the Advancing La-
yer Method,” AIAA J., Vol.34, No.l (1996),
pp.43-49

{21 Barth, T.].,
uting Viscous High Reynolds Number Flo-

"Numerical Aspects of Comp

ws on Unstructured Meshes,” AIAA paper
91-0721 (1991)
[3] Michal, T. and Johnson, J., "A Hybrid

Structured/Unstructured Grid Multi-Block
Flow Solver for Distributed Parallel Proce-
ssing,” AIAA paper 97-1895 (1997)

[4] Soetrisno, M. Imlay,S.T. Robert, DW., "A
Procedure for Hybrid
Grids,” AIAA

Zonal Implicit
Structured-Unstructurd
paper 94-0645 (1994)

[5] Nakahashi, K., "Adaptive-Prismatic-Grid
Method for External Viscous Flow Comp-
utations,” AIAA paper 93-3314 (1993)

[6] Kallinderis, Y., Khawaja, A., Mcmorris, H,,
"Hybrid Prismatic/Tetrahedral Grid
Generation for Complex Geometries,” AIAA
paper 93-0669 (1993)

[7)] Karman, S., "SPLITFLOW: A 3D Unstru-
ctured Cartesian/Prismatic Grid CFD Code
for Complex Geometries,” AIAA paper
95-0343 (1995)

(8] Coirier, W.J.
Mixed Volume Gnd Approach for the

Equations,”

and Jorgenson, C.E. "A

Eauler and Navier-Stokes
AIAA pper 96-0762 (1996)

[9] Strang, W.Z., "Cobalt User’'s Manual,”
WL/FIMC WPAFB, OH 45433 (1995)

[10] Chorin, A.]., "Numerical Solution of the
Navier-Stokes Equations,” Math. Comp.,
Vol.22, No.104, (1968), pp.745-762

[11] Roe, PL.,
Parameter

"Approximate Riemann Solver,

Difference
Scheme,” ]J. of Comp. Phys, Vol43,
(1979), pp.357-372

[12] Rogers, S.E., and Kwak, D, "Steady and
Unsteady Solutions of the Incompressible

AlAA ],

Vectors and

Navier-Stokes  Equations.”
Vol.29, No.4 (1991), pp.603-610
{13] Taylor, LK., “Unsteady Three-dimensionl
Incompressible  Algorithm Based on
Artificial Compressibility,” Ph.D. Disserta-



26 AEH - J_E - WFA

AL/ F 45 A

tation, Mississippi State Univ. (1991)

[14] Anderson, W.K., Private Communication,
(1997)

{151 Barth, T.J., "A 3-D Unwind Euler Solver
for Unstructured Meshes,” AIAA paper
91-1548 (1991)

[16] Sharov, D., and Nakahashi, K., "Reorder-
ing of 3-D Hybrid Unstructured Grids for
Vectorized LU-SGS Navier-Stokes Com-~
putations,” AIAA-97-2102 (1997)

{171 Barth, T.J, "Aspects of Unstructured
Grids and Finite-Volume Solvers for the
Euler and Navier-Stokes Equations,”
AGARD Report R-787 (1992)

[18] Frink, N.T., "Recent Progress Toward a
Three-Dimensional Unstructured Navier—
Stokes Solver,” AIAA paper 94-0061
(1994)

[19] Coutanceau, M., and Bouard, R., "Experi-
mental Determination of the Main
Features of the Viscous Flow in the
Wake of a circular Cylinder in Uniform
Translation,” J. Fluid Mech, Vol79,
No.2, (1977), pp231-256

[20] Taneda, S. "Experimental Investigation
of the Wake behind a Sphere at Low
Reynolds Numbers,” J. Phys. Soc. Japan
Vol.11, (1956), pp1104-1108



